Introduction
Integration of electronic/optoelectronic systems with the human body can provide powerful diagnostic and therapeutic capabilities. Stretchable electronics opened new avenues for electronic circuits, light-emitting diodes (LEDs), sensors and other components with the ability to bend, twist and stretch, for wrapping the external surfaces of soft tissues (e.g. brain, skin and heart) [1] [2] [3] [4] [5] [6] [7] [8] . A shortcoming of such device architectures is that they do not provide the ability to insert electronic/optoelectronic systems into precise locations of biological tissues. An example of a need for this type of functionality in neuroscience is in optogenetics, where localized delivery of light into the depth of the brain allows cell type selective control of cellular signalling and neural systems [9, 10] . Strategies exploiting passive penetrating electrodes or optical fibres with interconnections to externally located electronics control/acquisition systems or light sources are valuable but suffer from challenges associated with tissue lesioning during insertion, persistent irritation that follows, and extreme engineering difficulties in thermal management [3, 11, 12] . Recently, Kim et al. [13] developed injectable, wireless devices that incorporate arrays of microscale, inorganic light-emitting diodes (µ-ILEDs) with lateral dimensions 100 × 100 µm 2 and thicknesses of 6.45 µm (approx. 1000 times smaller than conventional LEDs with a dimension of approx. 1 × 1 × 0.1 mm 3 ), delivered into the tissue using a releasable microneedle. The resulting technology allows precise and patterned delivery of light directly to cellular-scale sub-regions in the depth of the brain. The injection of these devices into the mouse brain enables completely wireless and programmed behaviour control over freely moving animals. Figure 1a schematically shows the cross section of four µ-ILEDs coated with a thin (6 µm) layer of benzocyclobutene (BCB) on a 18 µm thick polyethylene terephthalate (PET) substrate in an explanted piece of tissue from the brain of a mouse with 9 mm length, 4 mm width and 4 mm thickness held at T ∞ = 37 • C by a thermal stage. The thickness of tissue above the µ-ILEDs is denoted by h 0 and that below by h 1 .
The thermal characteristics of these µ-ILEDs in the tissue are critically important because excessive heating (even 1-2 • C temperature increase) may cause tissue lesioning and adverse reaction [14] . By operating µ-ILEDs in low duty cycle, pulsed modes, commonly used to mimic physiologically relevant firing pattern [15] , difficulties in thermal management are significantly reduced. Under pulsed power (or current) as shown in figure 1b, the temperature of µ-ILED first increases and then reaches saturation at a stable level with maximum temperature that depends on material (e.g. thermal conductivity), geometric (e.g. µ-ILED size) and loading parameters (e.g. pulsed peak power, duty cycle and frequency) [16] . For better understanding of the device operation and establishing design guidelines for µ-ILED configurations that minimize thermal effects, an analytic model for pulsed mode operation is developed in this paper. The analytic model is validated by finite-element analysis (FEA) and experiments. The maximum temperature of µ-ILED is obtained analytically, and a simple scaling law for the maximum temperature change is established to enable optimized device performance. Section 2 gives the thermal analysis for a single µ-ILED in the tissue, while §3 presents the results for four µ-ILEDs as in experiments, and comparison with experiments. 
Thermal analysis for a single inorganic light-emitting diode in the tissue
In the device of Kim et al. [13] , four µ-ILEDs coated with a 6 µm thick layer of a polymer (BCB) on a 18 µm thick sheet of PET substrate are left in the mouse tissue after removing the injection microneedle (figure 1a). A pulsed power is applied to the µ-ILEDs to deliver light to cellular-scale sub-regions to control the animal behaviour. The temperature increase for the system of a single µ-ILED in the tissue is determined in this section, which then gives the temperature increase for a µ-ILED array by the method of superposition in §3.
The in-plane size L × L (approx. 100 × 100 µm) of µ-ILED is much larger than its thickness h LED (approx. 6.45 µm) such that heat transfer mainly occurs through the top and bottom surfaces of µ-ILED. For simplicity, an axisymmetric model is adopted to obtain the analytical solution, which is validated by the three-dimensional FEA in this section. The µ-ILED can then be modelled as a circular planar heat source. Its radius r 0 is determined by equating the surface area (2π r 2 0 ) to that of µ-ILED (2L 2 + 4Lh LED ), which gives r 0 = L(L + 2h LED )/π. The effects of BCB and PET on the temperature distribution can be neglected because their thicknesses (approx. 10 µm) are much smaller than that of the tissue (approx. 4 mm), and their thermal properties (thermal conductivity approx. 0.3 Wm −1 K −1 and thermal diffusivity approx. 1.31 × 10 −7 m 2 s −1 ) [17, 18] are similar to those of tissue (thermal conductivity 0.6 Wm −1 K −1 and thermal diffusivity 1.58 × 10 −7 m 2 s −1 ) [19, 20] . Figure 2 shows a schematic of the analytic model for a single µ-ILED in the tissue. The heat source Q(t) = Q 0 U(t) is applied to the µ-ILED, where Q 0 is the peak power and U(t) is a unit pulsed power as shown in figure 1b. The duty cycle is defined as D = τ/t 0 with τ as the pulse duration and t 0 as the period of the pulse. The cylindrical coordinate system (r, z) is established with the origin at the centre of the heat source and z-direction pointing downward. Let T ∞ denote the ambient temperature. The temperature change in the tissue from the ambient temperature,
where α = k/(cρ) is thermal diffusivity of the tissue with k as thermal conductivity, c as specific heat capacity and ρ as mass density, respectively. The boundary conditions include zero heat flux at the top surface −k∂ T/∂z| z=−h 0 = 0 since the natural convection is negligible [21, 22] , and constant temperature at the bottom surface T| z=h 1 = 0 since the tissue sits on a thermal stage. The temperature is continuous across the interface (z = 0) where the heat source is located, i.e. T| z=0 + = T| z=0 − , and the heat generation requires −k∂ T/∂z| z=0 + + k∂ T/∂z| z=0 − = 0 for r > r 0 and
is the area density of the heat source. The pulsed power Q(t) can be expressed in Fourier series as
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We first obtain the temperature increase due to a sinusoidal power in equation (2.2) and then use method of superposition to find the temperature increase due to the pulsed power. For a sinusoidal power Q 0 cos(ωt) [or Q 0 sin(ωt)], which can be written as the real (or imaginary) part of Q 0 e iωt , the temperature increase will have the same frequency such that it can be expressed as θ(r, z; ω)e iωt . Substitution of θ (r, z; ω)e iωt into equation (2.1) yields 
which has a solutionθ
where A(s) and B(s) are coefficients to be determined by boundary conditions and are denoted by A 0 and B 0 for the tissue above the µ-ILED and A 1 and B 1 for that below the µ-ILED. The Hankel transform of boundary conditions and continuity conditions after equation (2.1) gives these coefficients as 
(2.7) It should be noted that the maximum temperature increase in the system occurs in µ-ILED. The temperature increase in the µ-ILED is quite uniform due to its large thermal conductivity (approx. 160 Wm −1 K −1 ) when compared with that of the tissue (approx. 0.6 Wm −1 K −1 ). It can be well approximately by the average temperature of the µ-ILED over the entire region of µ-ILED (z = 0, 0 ≤ r ≤ r 0 ) [21, 22] , which gives
The temperature increase in µ-ILED due to a pulsed power is then obtained by 
where β = A/A(αt 0 ), A (= 2π r 2 0 ) is the total surface area of µ-ILED and is given by A = 2L 2 + 4Lh LED for a square µ-ILED of size L and thickness h LED , and L 1 is the 1st-order modified Struve function [23] . The normalized temperature increase, given by the left-hand side of equation (2.10), depends only on a single non-dimensional parameter β. Equation (2.9) can then be simplified to
where δ n is the phase angle of
The maximum normalized temperature increase (with respect to time) in µ-ILED then depends only on D and β, i.e. a simple scaling law 
.45 µm and t 0 = 0.33 s) [13, 20] . Equation (2.12) and figure 3 clearly suggest that small peak power Q 0 , duty cycle D, period t 0 , and large surface area A of µ-ILED are effective to reduce the maximum temperature increase. The thermal properties of the tissue play a mixed role; large thermal conductivity k and small thermal diffusivity α also reduce the maximum temperature increase. Such a scaling law is useful to provide design guidelines to minimize the thermal effect of the µ-ILED. Unlike the scaling law in equation (2.12) that depends on D and β, the maximum normalized temperature increase obtained from the analytic solution in equation (2.9) also depends on h 0 /r 0 and h 1 /r 0 . It is shown in figure 3 for β = 0.48 and (h 0 + h 1 )/r 0 = 67 as in the experiment [13] and two very different ratios h 0 /r 0 = 5 (solid circles) and 25 (solid triangles), which all agree well with the scaling law in equation (2.12). Three-dimensional FEA is also used to validate the analytic solution. The continuum element DC3D8 in the ABAQUS software [24] is adopted to model the three-dimensional geometries of µ-ILED (100 × 100 × 6.45 µm), BCB (8 mm × 100 µm × 6 µm) and PET (8 mm × 500 µm × 18 µm). The thermal conductivity, heat capacity and mass density are 160 W(m · K) −1 , 700 J(kg · K) −1 and 2329 kg m −3 for µ-ILED [25] , 0.3 W(m · K) −1 , 1050 J(kg · K) −1 and 2180 kg m −3 for BCB [17] , 0.24 W(m · K) −1 , 1370 J(kg · K) −1 and 1000 kg m −3 for PET [18] . The tissue is 4mm thick and has the in-plane dimension 9 × 4 mm. As shown in figure 3 , results from three-dimensional FEA agree well with the analytic solution.
Thermal analysis for inorganic light-emitting diode arrays in the tissue
The results in §2 for one single µ-ILED in the tissue form the basis for studying the µ-ILED arrays in the tissue. An array with four µ-ILEDs, shown in figure 4 , is used to illustrate the approach. The distance between the centres of two adjacent µ-ILEDs is denoted by r d . With the origin at the centre of arrays (figure 4), the coordinates of µ-ILED centres are (±3r d /2, 0) and (±r d /2, 0). The temperature increase at any location in the tissue can be obtained from the result of one single µ-ILED in §2 by the method of superposition. For example, the temperature increase at the centre point P 1 of the top surface due to a sinusoidal power Q 0 cos(ωt) [ 
dξ . The temperature increase at the centre point P 1 of the top surface due to the pulsed power is then obtained as
where ζ n is the phase angle of θ surface (nω) and Q 0 is the peak power per µ-ILED. Figure 5 shows the maximum and minimum temperature increase versus the duty cycle for the frequency 3 Hz, peak power Q 0 = 2.5 mW, r 0 = 60 µm, r d = 200 µm, h 0 = 0.3 mm and h 1 = 3.7 mm. These results agree very well with those obtained from three-dimensional FEA, also shown in figure 3 . For the duty cycle 3 per cent, the experimentally measured temperature increase is 0.17 • C [13] , which is indeed between the maximum and minimum temperature increase 0. 
For large ratios of h 0 /r 0 and h 1 /r 0 as in experiments [13] , the above equation is simplified to 
where E is complete elliptic integral of the second kind [13] , and η n is the phase angle of
The above equation shows that the maximum normalized temperature increase Figure 6 shows the maximum normalized temperature increase of the centre µ-ILED versus the normalized non-dimensional parameter β with duty cycle D = 10% and 50%, and r d / √ A = 1.3, 3.3 and 5.3. The maximum normalized temperature increase of centre µ-ILED drops significantly within the range of β from 0 to 40 and then remains almost unchanged for β > 40. The results suggest that large r d / √ A, small β and D reduce the maximum temperature increase.
It should be noted that the above analytic model is applicable to both dead tissue on a thermal stage and living tissue, though the latter involves heat loss due to blood flow (in the living tissue) [13] . This effect can be accounted for by adopting an effective fraction of heat loss, which is determined from experiments at one pulse frequency. Based on this effective fraction, the temperature at other frequencies or duty cycles agree well with experiments (error < 5%) [13] .
We also studied the effect of thermal contact resistance on the µ-ILED temperature using FEA. For the thermal contact resistance on the typical order of 10 −6 m 2 · KW −1 [26] , it is shown the µ-ILED temperature increase under power 10 mW and duty cycle 100 per cent (for a single µ-ILED in the tissue) increases 4.9 per cent from 4.45 • C to 4.67 • C such that the thermal resistance is negligible.
Conclusions
An analytic model, validated by FEA and experiments, is established to study the thermal behaviour of µ-ILEDs operating in a pulsed mode in biological tissue. A simple scaling law for the temperature increase in a single µ-ILED shows that the maximum normalized temperature increase depends only on two normalized parameters: duty cycle D and β = A/(αt 0 ), where A is the total surface area of µ-ILED, α is the thermal diffusivity of tissue and t 0 is the period of pulse power. Small peak power, duty cycle, period, thermal diffusivity of the tissue and large surface area of µ-ILED are effective in reducing the maximum temperature increase. The scaling law for the maximum temperature increase of the system of 4 µ-ILEDs in the tissue is also obtained by the method of superposition. In addition to D and β, the maximum temperature increase also depends on the normalized distance between two adjacent µ-ILEDs r d / √ A. Small D and β and large r d / √ A are effective to reduce the maximum temperature increase. The analytic model can be extended to study other µ-ILEDs in the tissue with different layouts and materials, to provide design guidelines for avoiding adverse effects of heating.
